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Abstract 
The development of solar district heating is gaining more and more interest, but, in some case the space available for the 
integration of solar collectors on the ground is limited and the use of decentralized systems is necessary. 
For decentralized solar district heating systems different hydraulic schemes at the substation level, with or without local use of 
solar energy, are possible. The present paper detailed an advanced study on decentralized solar district heating system using 
dynamic simulation software. Nine different hydraulic schemes for substations have been investigated with a return to return feed 
in. For each scheme many parameters that influence the performance of the solar installation have been studied such as the 
district heating network return temperature, the solar collector area and the type of solar collector (low temperature or high 
temperature solar collector). The comparison between the different hydraulic schemes is based on thermal efficiency but also on 
solar energy cost using the methodology of the Levelized Cost Of Energy (LCOE). 
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1. Introduction 
Solar District Heating is becoming more and more popular in European countries especially in Denmark where 
dozens of systems are already installed since many decades [1].  
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In France, the interest for Solar District Heating is new, but is growing quickly, especially with the development 
of new districts with low-energy buildings. In such context, solar thermal energy can achieve significant fractional 
energy savings for both space heating and domestic hot water preparation. 
As these areas are densely populated, solar collectors cannot be implemented on the ground, but should be 
installed on the roof of the buildings. Such implementation offers many options for hydraulic connection of the solar 
collectors to the district heating network as well as for the implementation of thermal energy storage. 
Based on “Quartier Villeneuve” a new district of 480 housings under construction close to Chambery, a case 
study was conducted to select the most appropriate solution based on an extensive simulation work with TRNSYS 
software. The comparison between the different configurations has been realized on performance but also on solar 
energy cost using the methodology of the Levelized Cost Of Energy (LCOE). 
Nine different hydraulic schemes for substations have been studied for a building of forty apartments. 
 
Nomenclature 
Qsol,m² Solar collector productivity        [kWh/m²] 
Qsol,year Annual solar production         [MWh] 
Asolar Total solar collector area         [m²] 
LCOE Levelized Cost Of Energy        [€/MWh] 
r Discount rate         [%] 
It Investment expenditures in the year t      [€] 
Mt Operations and maintenance expenditures in the year t    [€] 
Ft Auxiliary energy expenditures in the year t      [€] 
n Life of the system        [year] 
2. Architecture of substations 
Within this study, nine different architectures of substations for decentralised solar district heating system have 
been selected in collaboration with ITF engineering office and have been investigated. 
They are characterised by: 
- The use of solar thermal energy locally for DHW preheating, referred as E1 (no preheating), E2 (preheating 
with a DHW heat exchanger) and E3 (preheating with a DHW storage tank) 
- The possible local use of solar thermal energy feed in the district heating, referred as R1 (no local use), R2 
(solar energy feed in the DH is used for preheating the DH return line) and R3 (solar energy is used to 
preheat the return line of the DH after the solar/DH heat exchanger) 
 
Figure 1 (a) (b) (c) illustrates three of the nine systems studied.  
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Fig. 1. (a) E1R1 hydraulic scheme ; (b) E2R2 hydraulic scheme ; (c) E3R3 hydraulic scheme 
Regarding the “feed-in” principles of the solar thermal energy to the district heating network, the option referred 
as “feed-in return -> return” has been selected. With this principle, the flow is picked from the return line of the DH 
network, then heated through the solar heat exchanger and injected in the return line of the DH network. 
3. Energy performance of the different substations 
3.1. Models and simulation 
3.1.1. Environment of simulation 
This study was carried out using the dynamic simulation software TRNSYS 17. The buildings connected to the 
district heating are low energy consumption: 
- Space heating loads : 25 kWh/m² 
- Domestic hot water loads : 20 kWh/m² 
Buildings comprise 40 apartments each with an average area of 86 sqm. They are facing south and windows area 
is respectively 40%, 30%, 30% and 15% of the south, east, west and north elevation area. Internal loads are based on 
typical housing profile.  
Buildings were modeled with TRNSYS and an external file has been generated. These files are used as an input 
for the unit in order to simplify the simulation and focus on the hydraulic part.  
The weather station used (TMY) is Chambery located in France. 
3.1.2. Substation modeling 
In a first approach, substations described previously have been modeled with standard TRNSYS components 
(flow mixer, diverter…) and equations to be able to deal with the nine basic systems.  
Even if the current study focused at the level of the substation, it should be further included in a complete district 
heating network with many substations. In order to anticipate the difficulties to extend to many substations in the 
same simulation, it has been decided to develop our own component which is able to simplify the hydraulic 
connections but also the control strategy of the various hydraulic loops. This component is thus the only one 
component between the DH network, the solar collector loop and the two different loops for heating and DHW 
preparation in the building. 
Additionally, within this new component referred as Type5004 [2], heat exchangers have been modeled with heat 
transfer coefficients on the primary and secondary sides that are dependent of the mass flowrate. 
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The components used for the substation are detailed in Table 1. 
Table 1. TRNSYS type used in the model. 
Type Description Library 
31 Pipe duct TRNSYS 
832 Solar collector SERC 
340 Multiport storage tank TRANSSOLAR 
5915 Thermostatic mixing valve INES 
5004 Substation unit for decentralized solar system INES 
 
3.2. Results and analysis 
Many simulations (more than ninety) have been performed for the nine types of substations with different district 
heating network return temperature, solar collector area and type of solar collectors (low and high temperature). 
Two different solar thermal collectors have been investigated:  
- Flat plate solar collector (LT) (η0=0.8 , a1=3,5 W.m-2.K-1, a2=0.015 W.m-2.K-2) 
- Double covered flat plate solar collector (HT) (η0=0.817 , a1=2,205 W.m-2.K-1, a2=0.0135 W.m-2.K-2) 
The district heating return temperature is varying between 40 to 90°C. 
 
The performance of the system is given by the solar collector productivity defined in Eq. (1) : 
ܳ௦௢௟ǡ௠; ൌ ொೞ೚೗ǡ೤೐ೌೝ஺ೞ೚೗ೌೝכଵ଴଴଴ [kWh/m²] (1) 
 
The temperature profile of the secondary circuit for the DHW production and space heating of the building is 
detailed on Fig. 2(a) as a number of hours between each range of temperature. The same analysis is done in energy 
on Fig. 2(b). 
Fig. 2. (a) Hourly and (b) Energy distribution of the flow and return temperature of the secondary circuit for  
DHW production and space heating of the building 
Two groups of temperature appear: one with relatively high temperature (>60°C) which is for DHW preparation 
and another one (<40°C) for space heating. 
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3.2.1. Influence of the district heating return temperature on the performance 
A first study has been performed for LT solar collector and an area of 180 m² (4.5m² of solar collector per 
apartment). 
 
Fig. 3(a) illustrates the influence of the DH return line temperature for LT collectors and for various 
configurations for DHW preheating (R=1 no local use): it can be seen that the hydraulic layout has very little 
influence on the solar thermal productivity when the DH return line temperature is low (40°C). Hydraulic layout 
without local preheating of DHW (E1R1) is thus to be preferred since the investment cost, as well as the 
maintenance cost, is reduced. When the DH return line temperature increase, the solar productivity is decreasing, but 
the decrease rate is lower when there is some local use of solar energy. Having an increase of the temperature from 
40 to 90°C results in 60% decrease of the solar productivity for E1R1 and is limited to 40% for E3R1. 
 
The influence of the DH network return temperature for various configurations of local use and no preheating of 
DHW (E=1) is illustrated on Fig. 3(b). 
Regarding the local use of solar energy feed in the DH network, it has been shown that R2 configuration offers 
no improvement of the solar productivity with regard to R1 configuration. In both configuration (R1 and R2) it is the 
DH network that fixed the solar collector working temperature, so the productivity is the same. 
For R3 configuration, the improvement is not significant for low temperature (less than 1%), but has an impact 
with high temperature (27%). Once again, the most significant parameter is the DH return line temperature which is 
the key parameter regarding the choice of the hydraulic scheme at the substation level. 
 
Fig. 3. Influence of the DH return line temperature on the productivity for LT collectors and 
 (a) for various configurations for DHW preheating Ex ; (b) configurations for local use Rx 
The difference of solar productivity between all the configurations is very small (less than 5%) for a district 
heating return temperature of 40°C (see Table 2). 
 
The difference between configurations appears with the increase of the return temperature of the district heating. 
With a high return temperature some local use of solar energy is recommended. For a DH return temperature of 
90°C, the configuration with DHW preheating with storage tank increase the productivity of 27% compared to the 
basic configuration E1R1. And the local use of energy with a heat exchanger connected between the solar circuit 
and the building (E3) circuit increase the solar productivity of 77% compared to the configuration E1R1. 
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Table 2. Difference of solar collector productivity between the solution ExRx compared to E1R1 for different DH return temperature (40°C to 
90°C) 
DH return temp = 40°C DH return temp = 50°C DH return temp = 60°C 
Config R1 R2 R3 Config R1 R2 R3 Config R1 R2 R3 
E1 - 0% 1% E1 - 0% 2% E1 - 0% 5% 
E2 1% 1% 1% E2 2% 2% 3% E2 4% 4% 7% 
E3 5% 5% 6% E3 11% 11% 11% E3 20% 20% 20% 
DH return temp = 70°C DH return temp = 80°C DH return temp = 90°C 
Config R1 R2 R3 Config R1 R2 R3 Config R1 R2 R3 
E1 - 0% 11% E1 - 0% 18% E1 - 0% 27% 
E2 8% 8% 12% E2 14% 14% 20% E2 24% 24% 31% 
E3 33% 33% 34% E3 51% 51% 52% E3 77% 77% 79% 
 
The performances of any configuration are affected by the DH return temperature but some configuration can 
limit them with a local use of energy at lower temperature. 
3.2.2. Influence of the solar collector area on the performance 
A complementary study has been done for various LT solar collector areas from 3 to 6 m² of solar collector per 
apartment (120 to 240 m² for the building) and a district heating return temperature of 50°C. 
The difference of the solar productivity between the configuration decreases when the solar collector area 
increases. For 120m² of solar collector the difference of solar productivity between E1R1 and E3R1 is 15% and for 
240 m² the difference is only 8%. 
Fig. 4. Influence of the solar collector area on the productivity for LT collectors, a DH return temperature of 50°C  
and for various configurations for DHW preheating (Ex) 
This means that for installation where solar collectors are oversized compared to local needs, the difference of 
productivity between configurations is limited. The difference may increase for higher DH return temperature. 
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Table 3. Difference of solar collector productivity between the solution ExRx compared to E1R1 for different LT solar collector area and a DH 
return temperature of 50°C 
Solar collector area = 120 m² Solar collector area = 180 m² Solar collector area = 240 m² 
Config R1 R2 R3 Config R1 R2 R3 Config R1 R2 R3 
E1 - 0% 2% E1 - 0% 2% E1 - 0% 1% 
E2 3% 3% 5% E2 2% 2% 3% E2 1% 1% 3% 
E3 15% 15% 15% E3 11% 11% 11% E3 8% 8% 9% 
3.2.3. Influence of the type of solar collector on the performance 
As explained in the previous section the district heating return temperature has a real influence on the solar 
productivity for each configuration. More simulations have been performed with a double covered flat plate solar 
collector (HT) that has better performance at higher temperature. 
When using HT collectors (Fig. 5), the effect of an increase DH return line temperature is lower than for LT 
collectors: from 48% decrease of the solar productivity (E1R1 layout) to 31% (E3R1). 
 
Fig. 5. Influence of the DH return line temperature on the productivity for HT collectors 
Using high temperature solar collectors limit the decrease of performance with the increase of the district heating 
network return temperature for all configurations. So the difference of solar productivity between configurations 
with HT solar collectors is lower than with LT solar collectors. 
 
Table 4. Difference of solar collector productivity between the solution ExR1 compared to E1R1 for different DH return temperature (40°C to 
90°C) for (left) LT solar collectors and (right) HT solar collectors 
DH return 
temp 40°C 50°C 60°C 70°C 80°C 90°C 
DH return 
temp 40°C 50°C 60°C 70°C 80°C 90°C 
Config R1 R1 R1 R1 R1 R1 Config R1 R1 R1 R1 R1 R1 
E1 - - - - - - E1 - - - - - - 
E2 1% 2% 4% 8% 14% 24% E2 0% 1% 2% 3% 6% 10% 
E3 5% 11% 20% 33% 51% 77% E3 3% 6% 10% 17% 25% 37% 
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4. Cost of solar energy for different substation 
4.1. Hypothesis for energy cost calculation 
The energy cost calculations are based on the methodology of the Levelized Cost Of Energy defined in Eq. (2) 
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4.1.1. Investment costs and financing 
The investment costs for the solar thermal system including solar collectors, piping, control and installation are: 
- Low temperature solar collector : 400€/m² 
- High temperature solar collector : 450€/m² 
 
The investment costs for the different substation are detailed in table 5. 
Table 5. Investment costs for substations for decentralized solar system 
Substation E1R1 E2R1 E3R1 E1R2 E2R2 E3R2 E1R3 E2R3 E3R3 
Investment [€] 4000 7000 28600 8000 11000 32600 8000 11000 32600 
 
The engineering costs are 10% of the investment. 
The installation is financed through a 20 years loan of the total amount of the investment costs with an interest 
rate of 3%. 
4.1.2. Operations and maintenance costs 
The operation and maintenance costs are 1% of the total investment per year. The consumption of electricity for 
the auxiliary are considered equal to 1.5% of the solar production. 
4.1.3. Economic data 
For the calculation, the following figures are considered for: 
- Discount rate r : 4% 
- Electricity increase rate : 3% 
- Inflation rate for operation and maintenance : 2% 
4.2. Solar energy costs 
Based on the previous methodology and hypothesis the calculation of the LCOE for each case detailed in the 
section 3.2 has been done in order to check if the best solution for the energy performance is also the best one for the 
energy cost. 
4.2.1. Influence of the district heating return temperature on the solar energy costs 
The influence of the district heating return temperature on the solar energy costs for low temperature solar 
collectors is detailed on Fig. 6. For a return temperature lower than 60°C the lowest solar energy costs are with a 
direct feed-in substation without any local consumption for DHW preheating or space heating. The improvement of 
the solar production does not compensate the additional investment cost of the substation for the solution with local 
consumption. 
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For DH return temperature higher than 60°C solutions with local consumption are more competitive. With a 
return temperature of around 70°C the best solutions are with a direct DHW preheating heat exchanger (E2) and 
with a heat exchanger on the solar loop for local consumption for DHW and space heating (R3). 
Substations with a storage tank for DHW preheating (E3) indicates the lowest solar energy costs for DH return 
temperature higher than 80°C.  
Fig. 6. Influence of the DH return line temperature for low temperature solar collectors on the solar energy costs 
4.2.2. Influence of the solar collector area on the solar energy costs 
The influence of the solar collector area on the solar energy costs for low temperature solar collectors and a DH 
return temperature of 50°C is detailed on Fig (7). The LCOE of solar energy decreases with the increase of  collector 
area for all configurations. For installation with higher solar collector area the difference of LCOE between all 
configurations became lower due to less possibility for local energy recovery. Most of the solar energy needs to be 
feed-in in the DH. Nevertheless, it should be mentioned that this study focuses only at the substations level, and thus 
does not consider the cost for a centralized storage, which volume increases as collector area increases. 
Fig. 7. Influence of the solar collector area for low temperature solar collectors and a DH return temperature of 50°C on the solar energy costs 
4.2.3. Influence of the type of solar collector on the performance 
The effect of the solar collector type on the solar energy costs for low temperature solar collectors and a DH 
return temperature is detailed on Fig. 8. HT solar collectors reduce the LCOE compared to LT solar collector. HT 
collectors are also less sensitive to the DH return temperature: 92% cost increase for HT solar collector rather than 
174% for LT solar collector for a DH return temperature increasing from 40 to 90°C for E1R1 configuration. 
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Fig. 8. Influence of the type of solar collectors (low temperature LT and high temperature HT) on the solar energy costs 
5. Conclusion 
The detailed study of nine configurations for substations dedicated to decentralized solar district heating system 
highlighted the influence of the return temperature of the network on the solar thermal efficiency for the selection of 
the most appropriate substation. In all cases, a low operation temperature for the district heating should be 
encouraged. If this is not possible some configurations of substation can limit the reduction of the thermal efficiency 
of solar thermal systems. The use of high temperature solar collectors also limits the decrease of the performance 
with the increase of the DH network return temperature. It also reduces the difference of performance between the 
different configurations of substations. 
The economic analysis shows a LCOE for solar energy between 56 to 161 €/MWh depending on the substation 
configuration, the DH return temperature and the type of solar collector. Even if efficiency of solar thermal systems 
with a local use of solar energy is higher, configurations without any local consumption are most cost effective for 
DH return temperature lower than 60°C. The LCOE for a direct feed-in substation (E1R1) with high temperature 
solar collectors and a DH return temperature of 50°C is around 62€/MWh which is quite competitive compared to 
other energy.  
The operation and the choice of a typology of substation cannot be limited at the level of the substation but it is 
necessary to think across the complete network, especially if the share of solar energy in the network is high or if the 
temperature of the district heating is highly variable. This study has been done for return to return feed-in but could 
be completed with return to flow feed-in order to have a more complete view of substations for decentralized solar 
district heating systems. 
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